Achieving sustainable global food security is one of humanity's contemporary challenges.
S
ustainably meeting global food demands is one of humanity's grand challenges and has attracted considerable attention in the past few years (1-7). However, there have been few attempts to systematically test the effectiveness of potential strategies and identify where to target different proposed solutions. In particular, finding whether proposed solutions can truly scale to the global scope of the problem remains a challenge.
In this study, we aimed to identify a small set of regions, crops, and actions that provide strategic global opportunities to increase yields, reduce the environmental impact of agriculture, and deliver food more efficiently from what is already grown. In order to identify these "leverage points" where interventions would have a high global impact in one or more of the three categories, we used recently published geospatial data and models to analyze how specific issues at the nexus of agriculture and the environment vary across the globe.
We focused our analysis on 17 key global crops (table S1), composing the 16 highest-calorieproducing crops consumed as food, as well as cotton, because of its intensive water and nutrient use. These 17 crops cover 58% of the global cropland area harvested and produce 86% of the world's crop calories. They also account for most resource use on croplands: 95% of irrigated area, 92% of irrigation water consumption, and~70% of all nitrogen and phosphorus application. The percentages in the main text are all relative to the 17 major crops. Additional details for individual crops and methods are provided in the supplementary materials (8) .
One goal for achieving future food security is to grow more food on the existing land base in ways that limit additional pressure on natural ecosystems (9) (10) (11) . Current yields are 50% below realistically attainable potentials in many regions of the world (3, 12) . This difference between the current and attainable yields is commonly referred to as the "yield gap" (3, 9) . To assess possible production increases on existing croplands, we calculated the yield gap using previously developed methods (3, 13) . Increasing yields in low-performing areas by closing the yield gap to 50% of attainable yields ( Fig. 1 ) could increase total production by 358 megatons per year [8.5 × 10 14 kilocalories (kcal)] (table S2, A and B), which is enough calories to meet the basic needs of~850 million people.
These potential gains from closing the yield gap to 50% are not evenly distributed. For example, half of these potential gains are concentrated in only~5% of the total harvested area for these crops. Approximately 92% of these gains (4.3 × 10 14 kcal) are in Africa (43%), Asia (29%), and Europe (mainly eastern) (20%) (table S2C) . Maximizing calorie gains is essential for improved food security, but nutrition, access, and cultural preferences must also be addressed. Further, the yield gap estimates are based on current yield and climate conditions. Climate change will generally decrease mean yields (14) and thus probably also change the magnitude and possibly the location of leverage points.
Although humanity needs to produce more food to meet future demand, agriculture is the major driving force on the planet for greenhouse gas (GHG) emissions (7, 15) , water quality degradation from soil loss and nutrient runoff (16) , and water use (17) . Prioritizing a small set of leverage points could greatly increase the efficiency and sustainability of food production.
Agriculture accounts for 20 to 35% of global GHG emissions (7, 15) . The largest sources of agricultural GHGs are carbon dioxide (CO 2 ) from tropical deforestation, methane (CH 4 ) from livestock and rice production, and nitrous oxide (N 2 O) from nutrient additions to croplands (7, 15) . The bulk of GHG emissions from croplands are concentrated in just a few countries. Approximately 51% of 2000-2012 tropical deforestation (in areas with >50% tree canopy cover) occurred in Brazil (34%) and Indonesia (17%) (18) . Deforestation in these countries is linked mainly to timber, cattle, and soy production in Brazil (19) and oil palm and wood plantations in Indonesia (20) . Similarly, methane emissions from rice cultivation are produced mainly in China (29%) and India (24%) (21) .
For N 2 O, we estimated the distribution of emissions from major crops using the Intergovernmental Panel on Climate Change Tier 1 approach Fig. 1 . Increasing crop production from closing the yield gaps to 50% of potential yields. Increasing yields to 50% of the potential yield in all low-performing areas could increase annual production by 8 (15, 24) . Although nutrient inputs on farmland are needed to grow crops, nutrient loss from agricultural areas is a major source of pollution for freshwater and coastal ecosystems (16) . We estimated the amount of excess nutrient application (defined as the difference between rates of nutrient input versus nutrient removal from plant harvesting) for the 17 major crops using a simple nutrient mass balance model and spatial data sets for each of the nutrient inputs and outputs (8) . Across the 17 crops, we find that~60% of nitrogen and~48% of phosphorus inputs are in excess (table S3, A and B, and fig. S2 ).
Excess nutrients are not evenly distributed across regions or crops. We find that~50% of the excess nitrogen and phosphorus is concentrated in only 24% and 21% of the world's cropland area, respectively. China, India, and the United States together account for~64 to 66% of excess nitrogen and phosphorus ( Fig. 2 and fig. S2 ). Furthermore, rice, wheat, and maize alone are responsible for~58 to 60% of the excess nitrogen and phosphorous of the 17 crops we analyzed globally. Using a yield-response model (13), we estimate that nitrogen and phosphorus applied to wheat, rice, and maize could be reduced by 14 to 29% and 13 to 22%, respectively, while maintaining current yields (table S3) . Targeting reductions in fertilizer use to a small set of crops and countries could therefore have a large effect on global nitrogen and phosphorus pollution. Further efficiency gains are possible by altering the timing, placement, and type of fertilizer (25) .
Irrigation accounts for~70% of global water withdrawals and~90% of water consumption and is frequently a driver of water stress (17) . To identify hot spots of irrigation use, we used spatially explicit, crop-specific irrigation data (6) . We restricted the analysis to precipitationlimited areas, defined here as places where potential evapotranspiration exceeds precipitation.
We find that India, Pakistan, China, and the United States account for 72% of all irrigation water used in precipitation-limited areas, with India alone accounting for 36% ( fig. S3) (8) . However, water productivity varies widely among countries. For example, although China consumes 13% of irrigation in precipitation-limited areas, it is responsible for just 2% of irrigation consumption in systems with very low water productivity (below the 20th percentile). Raising very low water productivity in precipitationlimited regions up to the 20th percentile has the potential to decrease water consumption by about 8 to 15% while keeping food production constant (26) .
Relative to the 17 major crops, rice and wheat together cover 63% of the total irrigated area and consume 59% of irrigation water globally. Cotton, maize, and sugarcane use an additional 30% of total irrigation water. Despite covering only 3% of cropland area globally, sugarcane and cotton are the most water-intensive crops, with mean irrigation water consumption that is 2.4 and 1.6 times, respectively, the amount used for each hectare of wheat (table S4) .
Meat and dairy consumption is increasing globally and generally increases with wealth (11, 27) . Between 1961 and 2009, the percentage of calories from crop production consumed as food decreased from 57 to 51% ( fig. S4 ). Although crops used for animal feed ultimately produce human food in the form of meat and dairy products, they do so with a substantial loss of caloric efficiency. If current crop production used for animal feed and other nonfood uses (including biofuels) were targeted for direct consumption, 70% more calories would become available, potentially providing enough calories to meet the basic needs of an additional 4 billion people (28) . The human-edible crop calories that do not end up in the food system are referred to as the "diet gap."
Using methods described in Cassidy et al. of the global diet gap, which is enough calories for 760 million people; maize in China represents 9% of the diet gap. Although the diet gap presents opportunities to improve food security, cultural preferences and political obstacles create large challenges to reducing meat as well as overconsumption. However, adapting how these crops are used could provide short-term relief and serve as a safety net or release valve in years with high production losses from weather or pests.
Another major opportunity for increasing crop availability is to reduce food waste. Approximately~30 to 50% of food production is wasted (31) . Several broad strategies are recommended for reducing waste along different points in the supply chain, but they provide little insight into the relative impact of waste among food groups. For example, we estimate that wasting 1 kg of boneless beef has~24 times the effect on available calories as wasting 1 kg of wheat (~98,000 kcal versus~3800 to 4125 kcal), because of inefficiencies in converting feed to animal calories and protein (8) . Wasting 1 kg of other animal products, such as poultry and pork, has a less dramatic effect on edible calorie losses. This analysis applies only to animals raised in feedlot systems.
We compared consumer food waste in the United States, China, and India to illustrate the connections among waste, diet, and crop yields. Per-capita food losses range from <3 kcal per person day −1 for pork or vegetables in India to as much as 290 kcal per person day −1 for beef in the United States (Table 1) . Consequently, the land base required to support this waste is~7 to 8 times greater in the United States than in India. Curbing consumer waste of major food crops (i.e., wheat, rice, and vegetables) and meats (i.e., beef, pork, and poultry) in these three countries alone could feed~413 million people year −1 if the feed calories embodied in meat are included (8) . This illustration demonstrates that small changes in the consumption and waste of animal products could have a large effect on available calories. The challenges and opportunities for improving global food security and the environment are not evenly distributed across the globe. The analyses here illustrate, in principle, what is possible and where to focus such possible actions. Local and regional successes in any of these leverage points can have national or global impact, and provide examples of increasing food production, reducing deforestation, and managing water and nutrients more efficiently. Additional analysis is needed to estimate how the leverage points identified here may change in response to changes in climate, diet, technology, and markets. Although this large-scale analysis is useful for identifying the major leverage points to create a more sustainable food system, there are many other regional and global factors that would need to be included to address food security and environmental sustainability-and the tradeoffs among the many ecosystem services in agricultural landscapesmore holistically.
More work is needed for the widespread adoption of best practices by adapting current successful approaches to local socioeconomic and environmental conditions, within the context of a changing climate. Fortunately, many institutions, including NGOs, foundations, governments, citizens' groups, and businesses, are committed to improving global and local food security while reducing environmental harm. The leverage points presented here represent a relatively small set of regions, crops, and actions that could provide additional food to a growing world, as well as address a sizeable fraction of agriculture's global environmental impact. 
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‡57% from cereals, with the remainder mostly a mix of sugar, vegetable oils, dairy, and pulses. by General Mills, Mosaic, Cargill, Pentair, Google, Kellogg's, Mars, and PepsiCo supported stakeholder outreach and public engagement. The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript. Additional data and method details are provided in the supplementary materials. A minoacyl tRNA synthetases (AARSs) establish the genetic code by esterifying specific amino acids to the 3′ ends of their cognate tRNAs (1) (2) (3) (4) (5) and have adaptations of this reaction for specific physiological responses (6) . A few literature examples show that natural proteolysis or alternative splicing of AARS can reveal previously unknown AARS proteins (7, 8) with new functions (9) (10) (11) . With this in mind, we investigated potential mechanisms for achieving genetic efficiency through functional expansions. The enzymes are divided into two classes of 10 proteins each, with each class being defined by the architecture of the highly conserved catalytic domain (CD) that is retained through evolution (12) (13) (14) . As the Tree of Life is ascended, 13 new domains, which have no obvious association with aminoacylation or editing, have collectively been added to AARSs and maintained over the course of evolution, with no appreciable benefit or detriment to primary function (15) (16) (17) . The extent of these domain additions appears to be particular to AARSs (15) . Some of these new domains are appended to each of several synthetases, whereas others are specific to a single synthetase. Notably, these novel domain additions are accretive and progressive; and while their persistence provides no major benefit to aminoacylation, the strong evolutionary pressure for their retention suggests they are not random functionless stochastic fusions, but may be conserved for a specific biological purpose, perhaps distinct from the canonical enzymatic function.
We made a comprehensive search for alternative splice variants of AARSs to understand how splicing changes the domain organization and underlying architecture of each synthetase. We selectively targeted the AARS family of genes by enriching the AARS transcriptome in six distinct human samples [human fetal and adult brain, primary human leukocytes, and three cultured leukocyte cell types (Raji B cells, Jurkat T cells, and THP1 monocytes)]. A polymerase chain reaction (PCR)-based gene-capture and enrichment method was integrated with high-throughput deep sequencing to increase sequencing depth for each AARS transcript (materials and methods and Fig. 1A ). This methodology allowed for high enrichment of AARS mRNAs and mainly targeted exon-exon junctions for discovery of exon-skipping events. We defined the AARS transcriptome as the transcripts of 37 AARS genes, including those for 17 cytoplasmic synthetases, 17 mitochondrial synthetases, and 3 that encode both cytoplasmic and mitochondrial forms. For efficient capture, transcripts were amplified by multiplex PCR using AARS gene-specific primers and optimized PCR conditions (see materials and methods). Sensitive detection of low-abundance splice variants was achieved with an optimized multiplex PCR that amplified gene regions close to exon-exon junctions of AARS transcripts and produced short PCR fragments (Fig. 1A) . Fragments were assembled into cDNA libraries and sequenced by high-throughput deep sequencing (18, 19) .
Approximately 42 million 50-base reads were obtained and analyzed, using established methods (19) . About 70% (30.4 million) mapped to the 37 AARS genes, and about two-thirds of the AARS-specific reads (21.4 million) covered AARS exon-exon junctions. When compared to previously published whole-transcriptome studies (20, 21) , the AARS transcriptome enrichment method employed here successfully improved sequencing depth so that we could detect all of the 61 previously reported exon-exon junctions for AARS transcripts, as well as identify 248 previously unreported junctions (Fig. 1B and table S1 ). These new splice forms allowed for the ablation of specific coding regions and simultaneous creation of new exon-exon junctions.
In addition, the tissue origin and the overlap of AARS splice variants in different tissues were examined. Although there was obvious tissue
